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Abstract

Meiotic recombination landscapes differ greatly between distantly and closely related taxa, populations, individuals, sexes,
and even within genomes; however, the factors driving this variation are yet to be well elucidated. Here, we directly estimate
contemporary crossover rates and, for the first time, noncrossover rates in rhesus macaques (Macaca mulatta) from four
three-generation pedigrees comprising 32 individuals. We further compare these results with historical, demography-aware,
linkage disequilibrium—based recombination rate estimates. From paternal meioses in the pedigrees, 165 crossover events
with a median resolution of 22.3 kb were observed, corresponding to a male autosomal map length of 2,357 cM—approxi-
mately 15% longer than an existing linkage map based on human microsatellite loci. In addition, 85 noncrossover events with
a mean tract length of 155 bp were identified—similar to the tract lengths observed in the only other two primates in which
noncrossovers have been studied to date, humans and baboons. Consistent with observations in other placental mammals
with PRDM9-directed recombination, crossover (and to a lesser extent noncrossover) events in rhesus macaques clustered
in intergenic regions and toward the chromosomal ends in males—a pattern in broad agreement with the historical, sex-
averaged recombination rate estimates—and evidence of GC-biased gene conversion was observed at noncrossover sites.
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Significance

Meiotic recombination is initiated by the programmed formation of double-strand breaks, which are resolved either with
(crossover) or without (noncrossover) an exchange of flanking markers. Previous work across the tree of life has demon-
strated that crossover landscapes are highly variable at every scale examined—however, detailed knowledge of non-
crossover landscapes remains elusive in many species. Based on genomic data from four three-generation pedigrees,
we here characterize crossover and, uniquely, noncrossover events in rhesus macaque (Macaca mulatta)—the most im-
portant nonhuman primate model in biomedical research—and compare our findings with recent observations in hu-
mans and another catarrhine monkey, baboons.
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Introduction

Meiotic recombination is a tightly controlled process crucial
for successful gametogenesis in nearly all sexually reprodu-
cing organisms, as it is required for the proper pairing and
segregation of homologous chromosomes (Cole et al.
2012; Baudat et al. 2013). In addition, it plays a major
role in shaping genetic diversity in populations by providing
novel combinations of alleles for natural selection to act
upon. Specifically, by shuffling parental alleles, recombin-
ation can improve the efficacy of selection by bringing
beneficial alleles at different loci onto a common genetic
background or by breaking down the linkage between
beneficial and deleterious alleles (Hill and Robertson
1966). Recombination also facilitates the purging of dele-
terious alleles from populations, thus reducing the muta-
tional load (Muller 1964; Felsenstein 1974), and its rate
modulates the effects of both genetic hitchhiking and
background selection acting across the genome (Maynard
Smith and Haigh 1974; Charlesworth et al. 1993; and see
the review of Charlesworth and Jensen 2021).

Recombination is initiated in prophase | of meiosis by the
programmed formation of double-strand breaks (DSBs)
between homologous chromosomes catalyzed by the pro-
tein SPO11 (Keeney 2001), the repair of which can lead to
either a reciprocal exchange of chromatid arms between
homologs—termed “crossover” (CO)—or a unidirectional
replacement of a small genomic region in one of the chro-
matids, while leaving the donor homolog unchanged—
termed “noncrossover” (NCO) (as illustrated in fig. 1a). In
most organisms, at least one CO per chromosome (or
chromosome arm) is necessary for a balanced segregation
of homologous chromosomes (Jones and Franklin 2006;
Coop and Przeworski 2007)—a so-called “crossover assur-
ance”—as the absence of a faithful CO can be highly deleteri-
ous, often resulting in chromosomal nondisjunction and
aneuploidy in species without an alternative mechanism
(Hassold and Hunt 2001).

CO rates tend to vary between chromosomes of differ-
ent lengths; in humans, for example, CO rate estimates
range from 0.96 centimorgan per megabase (cM/Mb) in
the longest chromosome (chromosome 1) to 2.11 cM/Mb
in the shortest autosome (chromosome 22), with an overall
sex-averaged rate of 1.1 cM/Mb (Kong et al. 2002). CO
rates also vary considerably across different genomic re-
gions (Buard and de Massy 2007), with low rates observed
in CO deserts such as centromeric regions (<1 cM/Mb) and
high rates observed in CO jungles such as subtelomeric re-
gions (up to 5-10 cM/Mb; Clark et al. 2010). The majority
of CO events occur in narrow (1-2 kb) regions of the
genome—often referred to as “hotspots” due to an in-
creased CO rate relative to the background (Kauppi et al.
2004)—that are targeted by the protein PRDM9 in primates
as well as in many other mammals (Baudat et al. 2010;

Myers et al. 2010; Parvanov et al. 2010; and see the review
of Baudat et al. 2013). This leads to a block-like pattern of
haplotypes that consists of long tracts with high levels of
linkage disequilibrium (LD) interspersed with short tracts
of low LD in many species (Guryev et al. 2006). Hotspots
are highly dynamic, and heterogeneity in both their
genome-wide distribution and intensity contributes to the
tremendous variation in the number and distribution of
COs that have been observed between distantly and closely
related taxa, among different populations of the same spe-
cies, as well as between individuals and sexes (see the re-
view of Stapley et al. 2017).

In addition to COs, NCO events play an important role in
shaping population diversity (Przeworski and Wall 2001). In
fact, cytological, sperm-typing, and population genetic
studies have suggested that the majority of DSBs culminate
in NCOs, with about 1-fold to 15-fold more NCOs than COs
depending on the taxa and genomic region (Jeffreys and
May 2004; Baudat and de Massy 2007; Cole et al. 2010;
Comeron et al. 2012; Li et al. 2019). Yet, in contrast to
COs, which involve the readily identifiable exchange of
large (often multiple kb long) stretches of DNA, detailed
knowledge of NCO landscapes remains, with a few excep-
tions in model organisms (such as the flowering plant
Arabidopsis thaliana; Sun 2012), elusive in many species.
This is in part due to the short tract lengths generated (in
humans, e.g., the mean tract length is 55-290 bp;
Jeffreys and May 2004; Odenthal-Hesse et al. 2014) that
make them difficult to disentangle from sequencing and
genotyping errors—although both long and complex
tracts, involving converted and nonconverted polymorph-
isms longer than 1 kb and extending up to 100 kb, have
also been observed in human and nonhuman primates
(Williams et al. 2015; Halldorsson et al. 2016; Wall et al.
2022). Moreover, in order for a NCO event to be identifi-
able, a polymorphism must be present in the donor homo-
log; thus, in species with low rates of heterozygosity, NCO
tracts are frequently undetectable, as donor and recipient
strands are identical (Wall et al. 2022).

Genomic approaches to study recombination involve the
use of genome-wide genotype or sequencing data obtained
from either related or unrelated individuals from a popula-
tion sample (see the review of Clark et al. 2010). Tracking
changes in haplotype structure across generations
(fig. 1b), the pedigree-based approach allows for the direct
investigation of contemporary CO and NCO rates in males
and females separately, although often atlow resolution, gi-
ven the relatively small number of meiotic exchanges stud-
ied. In contrast, population-based approaches rely on
coalescent theory to indirectly infer historical recombination
rates from patterns of LD observed over many ancestral
generations. LD-based methods offer higher resolutions
over longer evolutionary timescales than classical pedigree
approaches—however, inferred rates are necessarily
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Fic. 1.—Meiotic recombination in the rhesus macaque pedigrees. (a) Recombination is initiated in prophase | of meiosis by the programmed formation of
double-strand breaks between homologous chromosomes (shown in black and light gray), the repair of which can lead to either a reciprocal exchange of
chromatid arms between homologs (crossover; CO) or a unidirectional replacement of a small genomic region in one of the chromatids, while leaving the
donor homolog unchanged (noncrossover; NCO). (b) A schematic illustration of the CO detection in a three-generation pedigree. Highlighted by a star in
the F4 generation is the crossing over of grand-paternal (black) and grand-maternal (light gray) haplotypes. COs that occurred in the starred meiosis are de-
tectable through sequencing all five individuals in the three-generation pedigree. (c) The four three-generation pedigrees (21 females and 11 males) that were
used in this study. CO and NCO events were inferred in seven male F; individuals (color coded and highlighted by a star).

sex-averaged across male and female ancestors. Moreover,
as LD-based approaches infer a population-scaled recom-
bination rate (p = 4 N r, where N, is the effective population
size and r is the per-generation recombination rate), esti-
mates can be confounded by population genomic processes
that alter the levels of LD (such as the selective and demo-
graphic history of a population), if unaccounted for in the
statistical model (Wall 2001 and see discussions in Dapper
and Payseur 2018; Johri et al. 2022). To circumvent this is-
sue, recently developed statistical methodologies explicitly
account for the demographic history of the studied popula-
tion when inferring recombination rates (e.g., Spence and
Song 2019).

To gain further insights into the timescale, nature, and
causes of recombination rate evolution, it is important to
contextualize differences in the relative frequencies and dis-
tributions of CO and NCO events across taxa (Dapper and
Payseur 2019). However, in contrast to COs, which have
been a focal point of many studies in recent years (see the
review of Stapley et al. 2017), detailed knowledge of NCO
landscapes remains elusive in many species, despite their
characterization being of vital importance to genome-wide
association studies (Wall 2004), linkage analysis (Mancera

etal. 2008), and positive selection scans (Yin et al. 2009), gi-
ven theirimpact on local patterns of LD. Using a dense set of
species-specific markers and explicitly accounting for popu-
lation demography, we here utilize genome-wide single nu-
cleotide polymorphism (SNP) data from four pedigrees of
rhesus macaque (Macaca mulatta)—the most frequently
used nonhuman primate model in biomedical research
(Rogers 2022)—together with a recently released, highly
contiguous rhesus reference genome assembly, in order to
gain novel insights into the recombination landscape of
the species. The application of a two-pronged approach—
employing a direct pedigree-based method and an indirect
demography-aware LD-based method—allowed us to ob-
tain both a contemporary snapshot of genome-wide CO
and, for the first time, NCO events as well as insights into
the historical recombination rate of this animal model for
human health and disease.

Materials and Methods

Data

Whole-genome data from 32 Indian-origin rhesus macaques
(M. mulatta) spanning four three-generation pedigrees
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housed at the California National Primate Research Center (21
females and 11 males; fig. 1¢) previously sequenced to an
average coverage of 39.5-fold per individual (supplementary
table S1, Supplementary Material online) were downloaded
from the NCBI Sequence Read Archive (BioProject
PRINA251548; Wang et al. 2020). Genetic relationships be-
tween individuals were confirmed using the software KING
(Manichaikul et al. 2010) as implemented in plink2 (Chang
et al. 2015). This demonstrated that the 11 individuals from
the parental (P) generation were unrelated, except for one
pair which displayed a relatedness of the third degree
(supplementary fig. S1, Supplementary Material online).

Read Mapping

Following the Genome Analysis Toolkit (GATK) Best
Practices (Van der Auwera and O’Connor 2020),
adapter sequences were marked using GATK v.4.1.8.1
MarkllluminaAdapters prior to mapping reads to the
repeat-masked M. mulatta (rheMac10) reference assem-
bly (GenBank accession number: GCA_003339765.3,;
Warren et al. 2020) using BWA-MEM v.0.7.17 (Li and
Durbin 2009), flagging secondary alignments. After map-
ping, duplicates were marked using GATK v.4.1.8.1
MarkDuplicates, and multiple sequence realignments were
performed around insertions/deletions (indels) using the
GATK v.3.7.0 RealignerTargetCreator and IndelRealigner
tools to improve alignments (McKenna et al. 2010;
DePristo etal. 2011; Van der Auwera et al. 2013). To detect,
and correct for, systematic sequencing biases, base quality
scores were recalibrated using the GATK v.4.1.8.1
BaseRecalibrator and ApplyBQSR tools, together with a
training set of more than 70 million SNPs previously identi-
fied in 526 rhesus macaque individuals (Harris 2019), which
led to more accurate base quality scores after recalibration
(supplementary fig. S2, Supplementary Material online).
Afterward, an additional round of duplicate marking was
performed (as detailed above).

Variant Calling, Genotyping, and Filtering

Variants were called from high-quality mappings (mapping
quality >40) using the GATK v.4.1.8.1 HaplotypeCaller, and
individual call sets were combined using CombineGVCFs
and jointly genotyped using GenotypeGVCFs. Thereby, the
species-specific heterozygosity rate was set to 0.0024 (as
previously reported by Warren et al. 2020), and the “--pcr-
indel-model” was set to “NONE”, as a PCR-free protocol
was followed during sequencing (Wang et al. 2020).

The GATK Best Practices (Van der Auwera and O'Connor
2020) recommend to filter variants using the Variant Quality
Score Recalibration (VQSR)—a sophisticated Gaussian mix-
ture model that relies on the availability of an accurate
SNP call set for training that is validated to a high degree
of confidence. Despite having a large SNP dataset from a

previous study on hand (Harris 2019), VQSR was not per-
formed for three reasons. First, the publicly available SNP
call set is based on an older reference assembly (rheMac8)
that is of lesser quality than the most recent long-read as-
sembly for the species (rheMac10). Regions that were less
well-assembled in this older version could potentially lead
to spurious variant calls. Second, variants were not experi-
mentally validated. Third, although the dataset contained
the chromosome, position, reference allele, and alternative
allele for each SNP, annotations (INFO and FORMAT col-
umns) that usually contain metrics related to the called gen-
otypes (Danecek et al. 2011) had been removed from the
Variant Call Format and replaced by a “.” symbol, hindering
an assessment of confidence in individual variant calls. As
the accidental inclusion of erroneous SNP calls can lead to
an inaccurate classification of variants during the VQSR
step (see discussion in Li et al. 2019), variants were instead
“hard” filtered following the GATK's Best Practice recom-
mendations (“QualByDepth” <2.0; “StrandOddsRatio”
>3.0; “FisherStrand” > 60.0; “RMSMappingQuality”
< 40.0; "MappingQualityRankSumTest” < —12.5; “ReadPos
RankSumTest” < —8.0; with acronyms defined by the GATK
package; Van der Auwera and O'Connor 2020). To avoid po-
tential biases resulting from computational imputation of
genotypes, the dataset was further limited to autosomal,
biallelic SNPs genotyped in all individuals. In addition, SNPs lo-
cated within repetitive or low-complexity regions (as anno-
tated by RepeatMasker v.4.0.8 [https:/repeatmasker.org;
last accessed July 2023] and Tandem Repeats Finder
[Benson 1999] in the “soft-masked” reference assembly;
Warren et al. 2020) were removed as these regions are diffi-
cult to reliably call with short-read sequencing data (see the
review of Pfeifer 2017). Following Smeds et al. (2016), cover-
age and genotype quality filters were applied to minimize
genotyping errors, retaining only those SNPs with a high con-
fidence in the genotype (GQ > 30; corresponding to a prob-
ability of an incorrect genotype of less than 0.001) that were
covered by at least 15 reads but no more than twice the
average autosomal coverage. In addition, SNPs exhibiting
an excess of heterozygosity (determined using a P-value of
0.01 for Hardy—Weinberg equilibrium calculated using the
“--hardy” option in VCFtools v.0.1.16; Danecek et al.
2011)aswell as any sites violating Mendelian inheritance (de-
termined using the GATK v.4.1.8.1 FindMendelianViolations
tool) were removed.

The resulting call set contained 11,500,421 SNPs with a
transition—transversion ratio of 2.2 (supplementary table S2,
Supplementary Material online), distributed consistently
across chromosomes (supplementary fig. S3, Supplementary
Material online).

Power Analysis

To assess the power to identify SNPs carried by the 32 indi-
viduals included in this study, the final call set was
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compared with a previously generated dataset containing
more than 70 million SNPs identified in 526 rhesus ma-
caque individuals (Harris 2019). Overall, 4.99% of SNPs
were novel compared with the rhesus macaque panel,
whereas  95.01% of SNPs were rediscovered
(supplementary table S2, Supplementary Material online).

Pedigree-Based (Direct) Identification of CO and NCO
Events

Three-generation pedigrees allow for the haplotype phas-
ing of F; individuals and the identification of recombination
events upon gamete transmission to the F, offspring
(supplementary fig. S4, Supplementary Material online).
Following Smeds et al. (2016), “phase-informative” sites
were extracted from each three-generation pedigree using
the following criteria. To trace an F; allele back to the par-
ent from which it originated, the sire and dam must have
distinct genotypes, and their F; offspring must be heterozy-
gous. To reduce genotyping errors at heterozygous sites
that could lead to spurious results, the alternative allele
was required to be supported by at least 25% but no
more than 75% of the reads. Moreover, to be able to trace
the transmission of the F; allele to the F, offspring, either
the F4's partner or their joint offspring must be homozygous
at the site. Once identified, the 5,573,111 phase-informative
sites were then grouped into grand-maternal and grand-
paternal haplotype blocks in the F, offspring using the pipe-
line illustrated in supplementary figure S4, Supplementary
Material online.

COs were determined as genomic regions between the
outmost SNPs of neighboring haplotype blocks in the F,
offspring. Following Williams et al. (2015), individual
phase-informative sites occurring within a region of SNPs
with consistent phase were excluded to minimize genotyping
errors. To reduce phasing errors and to account for CO inter-
ference (Otto and Payseur 2019), a minimum gap of 1 Mb
was required between CO events within the same meiosis.
Moreover, as, with the exception of humans (Miga et al.
2020; Nurk et al. 2022), highly repetitive telomeric regions re-
main poorly resolved in primate genome assemblies, CO
events at the chromosome ends (within 2 Mb) were removed.

NCOs were determined as phase-informative sites that
mismatched the surrounding haplotype block (i.e., two tightly
linked CO events that happened within a single meiosis, or
closely linked sites where an offspring inherited a haplotype
block from one parent surrounded by a larger haplotype block
from the other parent; Wall et al. 2022). To obtain a high-
quality set of NCOs and to distinguish genuine NCOs from
genotyping errors, phase-informative sites associated with ei-
ther the presence of an insertion or deletion (within 10 bp) or
a clustering of SNPs (defined here as three SNPs within a 10-bp
region) as well as tracts with multiple haplotype changes with-
in a 5-kb window were excluded.

Gene annotations obtained from the NCBI RefSeq collec-
tion (O'Leary et al. 2016) were used in ANNOVAR
v.2014-07-14 (Wang et al. 2010) to categorize COs with
a resolution of less than 5 kb and NCO events by genomic
region (i.e., 5" UTR, exonic, exonic noncoding RNA [ncRNA],
intronic, intronic ncRNA, 3’ UTR, and downstream), and
their distribution was plotted in R v.4.0.2 (http:/www.R-
project.org; last accessed July 2023).

LD-Based (Indirect) Estimation of Sex-Averaged
Recombination Rates

Sex-averaged recombination rates were estimated from
patterns of LD observed in the individuals from the parental
(P) generation (supplementary table S1, Supplementary
Material online) using the demography-aware recombin-
ation rate estimator pyrho (Spence and Song 2019).
Following the pyrho guidelines, SMC++ v.1.15.5 (Terhorst
et al. 2017) was first used to infer the size history of the
population (using the “estimate” function) from segregat-
ing sites located on a single chromosome (chromosome
10), assuming a species-specific per-generation mutation
rate of 5.8x 107° per site (Wang et al. 2020). Model
robustness was assessed by simulating five chromosomes
of 99.5 Mb length (i.e., the length of chromosome 10) un-
der the demographic model inferred by SMC++ with
msprime v.1.2.0 (Kelleher et al. 2016) and comparing the
expected folded site frequency spectra with the data
(supplementary fig. S5, Supplementary Material online), ex-
cluding coding regions (defined as regions overlapping with,
or present within 10 kb, of an exon) to mask genomic re-
gions potentially experiencing purifying or background se-
lection effects (following recommendations by Johri et al.
2021). Taking into account the demographic information
inferred by SMC++, a likelihood lookup table was then
generated in pyrho v.0.1.6 (using the “make_table” com-
mand), and the optimal parameter settings for window
size and block penalty (smoothness) were determined (using
"hyperparam”). Finally, using the recommended hyper-
parameter settings (i.e., a window size of 70 and a block
penalty of 40), fine-scale recombination rates were esti-
mated based on the patterns of LD observed in the data
(using the “optimize” command; supplementary fig. S6,
Supplementary Material online).

Results and Discussion

To study recombination rate landscapes in rhesus macaques
(M. mulatta), high-coverage (average coverage =39.5x;
supplementary table S1, Supplementary Material online)
whole-genome sequencing data of 32 Indian-origin indivi-
duals from four three-generation pedigrees (21 females
and 11 males; fig. 1c) were used to detect 11.5 million auto-
somal SNPs (supplementary table S2, Supplementary
Material online), 5.5 million of which were informative for
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haplotype phasing. Tracing the transmission of alleles at
phase-informative sites from the F; to the F, generations
(fig. 1b and supplementary fig. S4, Supplementary
Material online), a total of 171 autosomal COs were initially
identified in the pedigrees. Studying the genomic distribu-
tion of these COs, three tightly clustered CO events origin-
ating from the same meiosis were detected within a
10-Mb window—a highly unlikely event, as CO interference
usually prevents several COs in close proximity (Muller
1916). A similar pattern has recently been observed in a
study of olive baboons (Wall et al. 2022). As we and others
have discussed (Campbell et al. 2016; Wall et al. 2022), al-
though such a pattern may indeed occur naturally, it is
more likely driven by either genotype errors or a joint occur-
rence of a single CO event combined with an inversion
(Broman et al. 1998, 2003), and thus, this region was ex-
cluded from further analysis. An additional region that
showed indications of a misplaced contig (i.e., two or
more COs from different meioses occurring in the same re-
gion) was also removed, resulting in a final dataset contain-
ing a total of 165 COs in seven paternal meioses (fig. 2), with
amedian resolution of 22.3 kb (supplementary table S3 and
fig. S7a, Supplementary Material online). Consistent with a
lower bound of one obligate CO per chromosome or
chromosome arm necessary for the faithful segregation of
homologs (Jones and Franklin 2006; Coop and Przeworski
2007), 0-3 COs per chromosome were observed within in-
dividual meioses (supplementary table S4, Supplementary
Material online; note that COs only impact half of the
gametes as illustrated in fig. 1a), leading to a total of
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17-31 events per offspring (supplementary table S3,
Supplementary Material online).

Based on the 165 CO events observed in seven meioses,
the male-only autosomal genetic distance was estimated to
be 2,357 cM (table 1), confirming earlier observations of a
shorter genetic map length in rhesus macaques and other cat-
arrhine monkeys (such as baboons and vervet monkeys) com-
pared with anthropoid apes (humans, chimpanzees,
bonobos, and gorillas; Rogers et al. 2000; Cox et al. 2006;
Rogers et al. 2006; Jasinska et al. 2007; Auton et al. 2012;
Pfeifer and Jensen 2016; Stevison et al. 2016; Pfeifer 2020;
Xue et al. 2020; Wall et al. 2022; and see the review by
Coop and Przeworski 2007). Specifically, an initial low-
resolution linkage map for rhesus macaques utilized 241 hu-
man microsatellite loci genotyped in five pedigrees to directly
estimate a sex-averaged autosomal genetic map of length
2,048 cM (Rogers et al. 2006); however, the authors sug-
gested that this value is likely truncated by an estimated
500 cM due to a lack of molecular markers near the chromo-
some ends. Similarly, a cytological study that visually exam-
ined chiasmata (i.e., the physical representation of COs) in
pachytene spermatocytes from rhesus macaques directly esti-
mated the male-only autosomal genetic map length to be ap-
proximately 1,950 cM (Hassold et al. 2009), although the
female recombination rate was hypothesized to be much
higher. In agreement with the larger number of molecular
markers (particularly at the chromosomal ends) and the higher
quality reference assembly utilized in this study, the map pre-
sented here is 15% and 21% longer than these previous esti-
mates (Rogers et al. 2006; Hassold et al. 2009).

(b)

pedigree 1
o pedigree 2.1
pedigree 2.2
pedigree 3.1
pedigree 3.2
MNe N o pedigree 4.1
pedigree 4.2

.

I ad

8 9 10 11 12 13 14 15 16 17 18 19 20
chromosome
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o C
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1 2 3

Fic. 2.—The genomic distribution of crossover and noncrossover events on autosomal chromosomes. Each circle represents (a) a crossover or (b) a non-
crossover event from one of the seven paternal meioses used in the study (colored by pedigree following the coloring scheme introduced in fig. 1¢).
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Table 1
Autosomal recombination distance estimated from the number of
observed CO events in the pedigrees

Chromosome v cV/Mb
1 171.4 0.77
2 85.7 0.44
3 200.0 1.08
4 85.7 0.50
5 142.9 0.76
6 114.3 0.64
7 1714 1.01
8 142.9 0.98
9 171.4 1.28
10 85.7 0.86
11 157.1 1.18
12 1429 1.10
13 114.3 1.05
14 100.0 0.78
15 100.0 0.88
16 42.9 0.54
17 114.3 1.20
18 57.1 0.77
19 42.9 0.73
20 114.3 1.48
Autosomal 2,357.1 0.88

An estimate based on dense genome-wide SNP data from four pedigrees
yielded a male-only autosomal genetic map length of 2,357 cM. Information
regarding the relationship between the cumulative genetic distance obtained
from the distribution of CO events and the physical length of each autosome is
provided in supplementary figure S8, Supplementary Material online.

The average autosomal male CO rate in rhesus maca-
gues was estimated to be 0.88 cM/Mb (table 1)—about
25% lower than the genome-wide average rate in humans
(Hinch et al. 2011; Bhérer et al. 2017) but higher than the
genome-wide average rates in Indian-origin rhesus maca-
ques indirectly inferred utilizing patterns of LD observed
in whole-genome population genetic data (ranging from
0.433+£0.333cM/Mb in 100 kb windows to 0.448 +
0.286 cM/Mb in 1 Mb windows; Xue et al. 2016, 2020).
However, Xue et al. neglected to take the population his-
tory into account—an important caveat and potentially
confounding factor, as the individuals included in their
study originated from a severely bottlenecked research col-
ony. Furthermore, as the conversion of their inferred popu-
lation recombination rate into a per-generation rate
required an assumption about the underlying effective
population size—the estimation of which, in turn, relied
on a human-like rather than a rhesus-like mutation rate
(i.e., 1078 rather than 5.8 x 10~ per base pair per gener-
ation)—it is difficult to compare these earlier indirect esti-
mates with that obtained here utilizing a more direct
method. Moreover, these previous LD-based estimates
(Xue et al. 2016, 2020) were based on the initial genome
build for rhesus macaques (rheMac2) generated in 2006
(Rhesus Macaque Genome Sequencing and Analysis

Consortium 2007), with subsequent research over more
than a decade highlighting several sequencing errors and
gaps in this draft assembly (e.g., Zhang et al. 2012;
Norgren 2013) which likely resulted in a misinference of re-
combination rates in these regions.

Based on phase-informative sites that mismatched the
surrounding haplotype block, 85 NCOs were identified in
the four pedigrees (supplementary tables S3 and S5,
Supplementary Material online)—fewer than the expected
number of NCO events per generation in humans (95%
confidence interval: 178-286; Williams et al. 2015). It
should be noted though that, due to the stringent filtering
necessary to prevent sequencing, genotyping, and phasing
errors, this number likely represents a conservative esti-
mate. Moreover, NCOs located between two markers as
well as those repaired toward the original genotype will
be missed in a pedigree-based analysis. As a consequence,
the value presented here is likely an underestimate of the
genome-wide frequency of NCO events in the species.
Consistent with the tract lengths observed in other primates,
including humans (55-290 bp; Jeffreys and May 2004;
Odenthal-Hesse et al. 2014) and baboons (mean lengths:
42-167 bp; Wall et al. 2022), NCO tracts were generally
short (mean length: 155bp; supplementary table S3,
Supplementary Material online), although two tracts longer
than 1 kb were also detected (supplementary table S5 and
fig. S7b, Supplementary Material online). The majority of
NCOs (48 out of 85 or 56.5%) exhibited a pattern of
GC-biased gene conversion, resulting in more GC-gametes
than AT-gametes at AT/GC heterozygous sites (Galtier and
Duret 2007; Duret and Galtier 2009)—a pattern also similar
to that observed in humans (68%; Williams et al. 2015;
Halldorsson et al. 2016) and baboons (57.6%; Wall et al.
2022).

In agreement with earlier work in humans and other
mammals (Coop et al. 2008; Kong et al. 2010; Auton
etal. 2012; Brick et al. 2012), COs and NCOs were reduced
near transcription start sites, with a large proportion of
events (50% and 47%) harbored in intergenic regions less
frequently associated with promotor function (fig. 3).
Moreover, out of the 20 COs overlapping genes, 95%
were located in intronic regions. This bimodal distribution
of CO events is consistent with the zinc finger protein
PRDM9 (Baudat et al. 2010; Berg et al. 2010; Myers et al.
2010; Parvanov et al. 2010) being a major determinant of
the location of meiotic recombination hotspots in non-
human primates such as rhesus macaques (Oliver et al.
2009), which preferentially binds in intergenic regions as
well as within actively transcribed genes (Walker et al. 2015).

To complement pedigree-based results, an LD-based sex-
averaged recombination rate was inferred from the indivi-
duals of the parental generation (supplementary table S1,
Supplementary Material online) using a demography-aware
method to avoid confounding recombination rate estimates
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with historical population size changes. LD-based recombin-
ation rate estimates were elevated at CO locations (fig. 4a),
and both sex-averaged recombination rates and contempor-
ary male CO, and to a lesser extent, NCO events showed a
clustering near the chromosome ends (fig. 4b), consistent
with other placental mammals (including other primates
[Broman et al. 1998; Kong et al. 2002; Pratto et al. 2014;
Venn et al. 2014; Wall et al. 2022], mice [Shifman et al.
2006; Cox et al. 2009; Brunschwig et al. 2012; Li et al.
2019], and dogs [Axelsson et al. 2012]).

Finally, it is important to acknowledge that the male-only
CO and NCO landscapes that could be inferred from the

pedigree data at hand provide a sex-biased view, as differ-
ences in recombination landscapes are known to exist be-
tween sexes in many mammalian species. Specifically, in
many vertebrates, females exhibit more uniformly distribu-
ted CO landscapes with higher overall genome-wide rates
than their male counterparts (see the review of Sardell and
Kirkpatrick 2020). For instance, a recent pedigree-based
study in another catarrhine monkey (olive baboons) found
elevated CO rates near telomeres in males and reduced
CO rates near telomeres in females, with an estimated over-
all male and female genetic map length of 2,080 and
2,506 cM, respectively (corresponding to a male-to-female
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ratio of 1:1.2; Wall et al. 2022). In light of this, it is important
to note that, due to the male-biased focus of this study, the
reported 15-20% increase in genetic map length likely re-
presents an underestimate of the sex-averaged rate.
Consequently, to better integrate CO and NCO landscapes
in this biomedically relevant species into genome-wide asso-
ciation studies or scans for positive selection, future work will
need to focus on extending pedigree-based studies such as
the one presented here not only to both sexes—which
may also help reconcile the recombination rate observed in
this catarrhine monkey with those observed in humans
and other great apes—hbut also to individuals exhibiting dif-
ferent genetic backgrounds frequently utilized in research
(e.g., Indian-origin vs. Chinese-origin rhesus macaques).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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